Observations of Markarian 231 at 1.1 µm taken with NICMOS on the Hubble Space Telescope are described. The brightness of the object in the near infrared and the inherent short-term stability of the NICMOS optical and instrumental system enables application of special observational and analysis techniques that effectively increase high spatial resolution. By these means, we set an upper limit on the size of the core of the AGN nucleus at 8 mas corresponding to a radial projected distance from the center of Markarian 231 of ∼ 3 pc.
Introduction
The ultra-luminous infrared galaxy (ULIRG; luminosity > 10 12 L ⊙ ) Markarian 231
(Mrk 231), with a bolometric luminosity of 3.3 × 10 12 L ⊙ , was first identified as a ULIRG by Rieke & Low (1972) and was found by the IRAS survey to be the most luminous object within 300 Mpc (Soifer et al. 1986 ). The ratio of its flux density at 25 µm (f ν (25)) to its flux density at 60 µm (f ν (60)) -f ν (25)/f ν (60) = 0.3 -leads to its inclusion as a "warm" IRAS galaxy (Low et al. 1988) . It has the visual spectrum of a Seyfert 1 galaxy and a redshift z = 0.042 implying a projected distance scale of 800 pc asec −1 . From the 2MASS survey, the near infrared magnitudes within a 7 ′′ diameter beam of Mrk 231 are J(1.25 µm) = 11.02 mag, H(1.65 µm) = 10.04 mag, and K S (2.15 µm) = 8.94 mag (Skrutskie et al., 1997) . We take the Hubble constant to be H 0 = 75 km s −1 Mpc −1 .
Because Mrk 231 has been considered to be a nearby infrared quasar, several observations over a range of wavelengths have been undertaken to resolve its core. Lai et al. (1998) , using adaptive optics with the 3.6-m diameter CFHT Telescope, set a limit on the size of the full width at half maximum (FWHM) of the core of the active galactic nucleus (AGN) of 0. ′′ 11 (90 pc) in the near-infrared. Quillen et al. (2001) included Mrk 231 in a survey of unresolved continuum sources at 1.6 µm with the Hubble Space Telescope (HST); they set a limit on the FWHM of Mrk 231 of ≤ 0. ′′ 13 (100 pc). Soifer et al. (2000) , using the 10-m diameter Keck Telescope, set a limit on the size of the AGN core of 0. ′′ 13 (100 pc) at 12.5 µm. Klöckner, Baan & Garrett (2003) report that the hydroxyl (mega)-maser emission shows the characteristics of a rotating, dusty, molecular torus (or thick disk) located between 30 and 100 pc from the central engine of Mrk 231. Lonsdale et al. (2003) showed, from VLBI continuum imaging observations, that at 18 cm wavelength Mrk 231
consists of a single core of FWHM < 0. ′′ 005 (4 pc) plus a 0. ′′ 03 extension to the south.
Further discussion of the galaxy and references emphasizing other important aspects of the -4 -observations of Mrk 231 are given, e.g., in Lonsdale et al. and Smith et al. (1995) .
The capability of using the HST at near-infrared wavelengths, its short-term (intraorbit) optical stability (Schneider et al. 2001) , and the extreme brightness of Mrk 231 offers a singular opportunity to set physically interesting limits on the size of the core in the near-infrared. In this paper we present observations of Mrk 231 made with NICMOS on the HST that were especially designed and optimized to probe the point-like source in Mrk 231.
On the basis of its far infrared color, Hines et al. (2004) include Mrk 231 as one of nine hyperluminous and "warm" ultraluminous infrared galaxies observed with NICMOS. and hence do not attach special attention to the reduction of its data. In this paper we have concentrated on the reduction of this one object and have attempted to achieve the highest spatial resolution possible with these data.
Observations
Observations of Mrk 231 were made in September, 1998 using the NIC1 camera and the F110M filter which has a central wavelength of 1.1 µm and filter full width at half maximum of 0.2 µm as described by Thompson et al. (1998) and in the NICMOS Instrument
Handbook (Roye et al., 2003) . The camera has 0. ′′ 043 × 0. ′′ 043 pixels corresponding to the diffraction limit of the HST at 1.0 µm, and the array has 256 × 256 pixels so the field of view is ∼ 11 ′′ × 11 ′′ . Observations at 1.6 and 2.1 µm using the NIC2 camera accompanied the 1.1 µm observations; these and related observations will be described in Schneider & -5 -Low (2005) .
Four sequential, but separate, images of Mrk 231 were obtained. The observations were made using STEP1/NSAMP=24 multiaccum sampling (Roye et al., 2003) , so the total integration time at the end of the 24-read exposure ramp for each of the individual exposures in the four point pattern was 22 seconds. After each exposure, the telescope was offset by a nominal 50.5 pixels so the active nucleus was centered on different relative positions of a pixel as well as sampling different portions of the array. In fact the observed offsets differed slightly from half integer pixels since the pixels projected onto the sky are slightly rectangular and the average offset was ∼ 50.6 pixels.
Four separate images of the Hubble guide star GSC 0384500748 at right ascension
′′ 7 (J2000) -a K star -were similarly obtained in the orbit immediately after the Mrk 231 observations to determine the PSF using the same offset pattern as had been used with Mrk 231. There is no field dependency in the structure of the NIC1 camera PSF star image. The PSF star was selected primarily due to its close proximity -∼ 4 ′ -to Mrk 231 in the sky. The 2MASS survey magnitudes of the PSF star are J = 11.13 mag, H = 10.62 mag and K S = 10.54 mag (Skrutskie et al., 1997) so it is of comparable brightness to Mrk 231 in the J band although fainter at 2.2 µm and considerably less red in its H-K color. Both sets of observations were carried out at the same spacecraft roll angle, i.e., the same field orientation, to minimize changes in differential heating to the optical telescope assembly, and better stabilize the PSF. The time and roll constraints, and the very close proximity of the PSF star in the sky, ensured the PSF was stable between the Mrk 231 and reference observations.
-6 -
General Results and Common Reduction
The images of Mrk 231 and of the PSF star were first combined to make separate images each containing a single image of either Mrk 231 or the PSF star following the precepts outlined in Schneider & Stobie (2002) . Image centroids were determined by
Gaussian profile fitting after re-sampling the images onto 32 times finer grids via bi-cubic interpolation apodized by a sync function. Once the centroids were determined all images were co-aligned by shifting three of the images to the location of the fourth to the nearest integral pixel and then by interpolative sub-pixel re-sampling also by bi-cubic sinc-apodized interpolation. The four images of the PSF star, which were originally sampled according to the Nyquist criterion with ∼ half pixel offsets, were then median combined after registration shows the presence of a host galaxy seen at low surface brightness at radius > 0. ′′ 2, but this is better examined by much deeper corongraphic imagery and will be discussed in depth by Schneider & Low (2005) .
Intrinsic Core Size Limit
To recapitulate, the raw 0. ′′ 043 × 0. ′′ 043 pixels of NIC1 were over-sampled at 1.1 µm through the half integer pixel offset and the high signal to noise ratio available on Mrk 231
to effectively act as 0. ′′ 022 × 0. ′′ 022 pixels. With such well sampled images it was then possible to set a limit on the FWHM of a putative extension present in the nucleus of Mrk 231 well below the classical diffraction limit of the telescope by comparing the image structure of the Mrk 231 nucleus to that of a model made up of a core of negligible angular extent plus an assumed extension. We found that radial profiles of PSF subtracted images of various comparisons were superior in delineating the size limit of the core to direct techniques, e.g., a Richardson-Lucy deconvolution.
The left image of Figure The negative residual which arises when normalizing the raw data to the central pixel is not surprising. This zonal under-subtraction is, in fact, replicated using either the observed PSF star (dark solid line in Figure 4 ) or a noiseless model PSF (dotted line in Figure 4 ), which suggests this residual is real and not an artifact of a mis-matched PSF. It is consistent with the amount of differential de-spacing of the HST secondary mirror expected between the Mrk 231 and PSF star observations. This residual cannot be explained by extended flux with a Gaussian radial brightness profile as it would non-physically imply that the point-source reference PSF star is wider than the core of Mrk 231.
The signature emission seen in Figure 3 is very clearly evident in Figure 4 as a non-zero emission peak at a radial distance of ∼ 0. ′′ 075 -a minimum in the NICMOS diffraction pattern -in the difference image; this can be used to set a limit on the putative extent of the core of Mrk 231. It is clear from Figure 4 that a Gaussian source with a FWHM of 10 mas would be unequivocally detected in the difference image, while a Gaussian profile with a FWHM of 5 mas could be hidden in the data. We will take a FWHM of 8 mas as the limit for the putative extension of Mrk 231. (2001) and Krist et al. (1998) . It is seen that the nuclear cores of the two objects are extremely well matched at radii r < 0. ′′ 2. At r > 0. ′′ 2 the contribution to the surface brightness due to the host galaxy is readily apparent (also see Figure 1 ). 
